Abstract Junctophilin subtypes, designated as JPH1~4, are protein components of junctional complexes and play essential roles in cellular Ca 2+ signaling in excitable cells. Knockout mice lacking the cardiac-type Jph2 die of embryonic cardiac arrest, and the mutant cardiac myocytes exhibit impaired formation of peripheral couplings and arrhythmic Ca 2+ signaling caused by functional uncoupling between dihydropyridine and ryanodine receptor channels. Based on these observations, we hypothesized that mutations of JPH2 could cause human genetic cardiac diseases. Among 195 Japanese patients (148 index cases and 47 affected family members) with hypertrophic cardiomyopathy (HCM), two heterozygous nonsynonymous nucleotide transitions, G505S and R436C, were newly found in JPH2. When Fisher's exact test was used to compare index cases with HCM to unrelated Japanese healthy controls in the frequencies of mutant alleles, only the G505S mutation showed statistical significance (4/296 HCM patients and 0/ 472 control individuals, P=0.022). This result was still significant after Bonferroni's correction for multiple comparisons (P=0.044). To the best of our knowledge, this is the first report on JPH2 mutation associated with HCM.
Introduction
Functional communications between cell-surface and intracellular channels are essential features of excitable cells (Berridge 2002) . During the contraction of striated muscle cells, the activation of cell-surface dihydropyridine receptor channels (DHPRs) opens ryanodine receptors (RyRs) and triggers Ca 2+ release from the sarcoplasmic reticulum (SR) employing the ''Ca 2+ -induced Ca 2+ release (CICR) release'' mechanism (Meissner 1994) . The functional couplings between the channels take place in junctional membrane complexes (JMCs), which are designated as the ''triad junction'' in skeletal muscle, ''diad'' in cardiac muscle, ''peripheral coupling'' in immature muscle and ''subsurface cisterna'' in neurons (Flucher 1992; Franzini-Armstrong and Protasi 1997) . Recent studies have indicated that the junctophilin subtypes, JPH1 through 4, play essential roles in the formation of JMC in muscle cells Komazaki et al. 2003; Nishi et al. 2003) . In Jph1-knockout mice with perinatal lethality, mutant skeletal muscle shows a deficiency in triad junctions and insufficient contraction likely caused by impaired communication between DHPRs and RyRs (Ito et al. 2001) . In Jph2-knockout embryos showing cardiac arrest, mutant cardiac myocytes bear a deficiency in peripheral couplings and arrhythmic Ca 2+ signaling probably caused by functional uncoupling between DHPRs and RyRs Uehara et al. 2002) . In the brain, both Jph3 and Jph4 are expressed at similar discrete neuronal sites and may collaboratively contribute to JMC formation . Knockout mice lacking both Jph3 and Jph4 show lethality during weaning stages under normal housing conditions (Moriguchi et al. 2006) . Mutant hippocampal and cerebellar neurons from the double-knockout mice lack the after-hyperpolarization phase in action potential configuration, and Ca 2+ -mediated communication between cellsurface Ca 2+ channels, RyRs and small-conductance Ca 2+ -activated K + channels is disconnected likely due to JMC disassembly (Moriguchi et al. 2006; Kakizawa et al. 2007 ).
Mutations of JPHs may also cause human genetic diseases. Indeed, the insertions of triplet repeats in the JPH3 gene locus result in a human genetic disease called HDL2 revealing similar symptoms to Huntington's disease (Holmes et al. 2001) . On the other hand, mutations of cardiac Ca 2+ signaling proteins are often responsible for cardiomyopathies. For example, arrhythmogenic right ventricular cardiomyopathy is associated with mutations of RYR2 encoding the cardiac ryanodine receptor (Tiso et al. 2001) . Mutations of phospholamban are associated with hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) (Haghighi et al. 2003; Minamisawa et al. 2003; Schmitt et al. 2003) . HCM is a primary myocardial disorder that results in hypertrophy of the ventricle wall histologically characterized by cardiac myocyte disarray and fibrosis (Elliott and McKenna 2004) . The symptoms of HCM vary among patients from mild cases to critical conditions, including heart failure and sudden death (Maron 2002) . DCM is characterized by dilation of the left ventricle and systolic dysfunction (Richardson et al. 1996) . HCM and DCM are inherited in an autosomal dominant fashion in most cases (Taylor et al. 2004 ). On the basis of the observation that JPH2 is essential for murine cardiac function, we attempted to detect JPH2 mutations associated with cardiomyopathies. This paper is, to our best knowledge, the first report of a JPH2 mutation associated with HCM.
Materials and methods

Subjects
The study population consisted of 195 patients with HCM (148 index cases and 47 affected family members), including ten transition forms from HCM to DCM, 32 patients with DCM (29 index cases and three affected family members), and eight patients with restrictive cardiomyopathy (RCM) (seven index cases and one affected family member). Unaffected family members of the index cases who carry a JPH2 gene mutation were also examined for the mutation and clinical status. Control subjects were 236 unrelated healthy Japanese individuals randomly selected. All patients gave informed consent to the clinical and genetic studies. The internal ethics committee of Tokyo Women's Medical University approved this study. The patients were evaluated by a detailed history, physical examination, electrocardiography (ECG) and echocardiography, which allowed the diagnosis of HCM to be made in those clinically affected. Individuals with another intrinsic cardiac or systemic disease capable of producing myocardial abnormalities were excluded.
Mutation screenings
Mutation screening was performed on the human JPH2 gene consisting of five coding exons, as shown in Fig. 1 . Genomic DNA was extracted from peripheral blood lymphocytes of the patients as described previously (Yoshida et al. 1986 ). PCR was carried out by using 2· GC Buffer I (TAKARA BIO INC, Otsu, Japan) and AmpliTaq DNA polymerase (Applied Biosystems, Foster City, CA, USA). PCR primers used are shown as follows: 1F, AGGG CACTGGAGGAGTGTTG; 1R, ACCCTCCACCAGGGT TTCTC; 2-1F, CATAGCACTGTGCACCCTGA; 2-1R, GTTCTTCCACTCGCCCATGT; 2-2F, TAAGAGCGAC CTCAGCTCGG; 2-2R, TGGAGACAGGGCCTCCTAGG; 3F, TTCATTGACTGCCTGCGTGA; 3R, CTCACGGGC ATCCAGGAAAC; 4-1F, AGTGGCTGGCCCAGGATC AC, 4-1R, TCGGGCTGGTCCTCAAAGGG; 4-2F, GGGC AGCCGGTCAGTCACTC; 5F, GAACAAAGCCGGCAA TGCTC; 5R, CTAGGTCTTGGCTTCTGCAGG. Amplified products were purified using a MultiScreen PCR plate (Millipore, Billerica, MA, USA) and directly sequenced using the ABI-PRISM Bigdye-terminator cycle sequencing reaction kit and ABI 3130xl genetic analyzer (Applied Biosystems). Proband patients bearing the JPH2 G505S mutation were additionally examined for HCM mutations reported so far, i.e., the coding regions of cardiac betamyosin heavy chain (MYH7), cardiac myosin-binding protein C, cardiac troponin T, cardiac troponin I, alphatropomyosin, myosin regulatory light chain, myosin essential light chain, cardiac alpha-actin, caveolin-3, titincap, all exons and a promoter region of PLN, the 14th and 45th exons (in N2-A and N2-B variants, respectively) of titin, the 20th exon of alpha-myosin heavy chain, the third exon of muscle LIM protein, and the third exon of troponin C. Primer sequences and detailed PCR conditions for these additional analyses are available upon request. Reference sequences and SNP information were obtained from the National Center for Biotechnology Information (NCBI http://www.ncbinlm.nih.gov/Sequin/).
Statistical analyses
Fisher's exact test was performed using the R environment to determine P-values for the association between HCM and JPH2 mutations using contingency tables containing allele frequencies. The conservative Bonferroni's correction for multiple comparisons was used for adjustment in multiple testing, in which the P-value obtained was multiplied by the number of tests performed. A P-value below 0.05 was considered as significant.
Peptide conformation analysis
Circular dichroic (CD) spectra were recorded on a Jasco J-720 spectropolarimeter using a 0.4-mm path-length quartz cuvette at 25°C. Stock solutions of synthetic peptides (Hokkaido System Science Co., Sapporo, Japan) were adjusted to 1 mM in phosphate buffered saline (PBS) and further diluted with PBS or 2,2,2-trifluoroethanol (TFE) to 50 mM for the analysis. The spectrum was obtained by averaging six successive individual scans over the 195 to 250-nm wavelength range and the buffer solvent backgrounds were subtracted.
Results and discussion
A case-control study was performed to determine the association between JPH2 and cardiomyopathies by analyzing sequence alterations of protein-coding exons including adjacent proximal intron regions in genomic DNAs (Fig. 1) extracted from 195 patients with HCM (148 index cases and 47 affected family members), 32 patients with DCM (29 index cases and three affected family members) and eight patients with RCM (seven index cases and one affected family member). As a result, we found two nonsynonymous heterozygous single nucleotide transitions, G1513A (G505S) and C1306T (R436C), in JPH2 in the patients with HCM. On the other hand, we could not find any sequence alternations in the patients with DCM or RCM. Portions of these transitions were subsequently analyzed in 236 unrelated healthy Japanese individuals. The former transition was detected in four unrelated patients (4/296 alleles), but was not detected in the healthy control subjects (0/472 alleles) (Fig. 2a) . The frequency of this transition was statistically higher in the patients with HCM (index cases) than the controls (P=0.022, Fisher's exact test). The latter transition was found in two unrelated patients (2/296 alleles) as well as in the healthy controls (2/ 472 alleles), and there was no significant difference between the patients and controls in the frequencies of the mutant alleles (P=0.500, Fisher's exact test). Since we performed statistical tests for two different missense polymorphisms, the correction for the multiple comparisons should be applied. Even through the conservative Bonferroni's correction for multiple comparisons, the Pvalue of 0.022 remains statistically significant since 0.044, which is lower than 0.05, is obtained when the P-value is multiplied by the number of tests performed. Therefore, the G505S substitution is closely associated with HCM, while the R436C substitution seems to be a polymorphism that is not associated with the disease.
Of the four index patients with G505S, two had family members available for the genetic study (Fig. 2b) . The proband in family A (II:1) was male and was diagnosed with HCM at 14 years of age. Electrocardiography (ECG) showed left ventricular hypertrophy (LVH), deep Q wave, and apparent ST-T changes. Myocardial imaging showed anterolateral hypertrophy of the free left ventricular wall. His mother (I:2) was also diagnosed with HCM at 40 years of age and carried the same genotype mutation. The ECG showed LVH, and echocardiography showed sigmoid septum and hyperdynamic LV motion. His healthy father (I:1) did not have the mutation allele. His younger sister (II:2) died suddenly of unknown causes at 3 years of age so she could not be examined in this study. The proband from family B (I:2) was female and she was diagnosed as having HCM at 33 years of age. She had a family history of HCM involving her grandfather, father, and the father's siblings who were not available for genetic analysis. Echocardiography showed asymmetric hypertrophy of the interventricular septum. Her husband (I:1) had no sign of cardiac disease. An echocardiogram of her daughter (II:1) showed muscular ventricular septal defect and small atrial septal defect but no sign of HCM at 4 years of age. The defects caused little hemodynamic pathology. Her son was available for the mutation analysis and we found the same mutation, G505S, in the son. Echocardiography performed on the day after birth found no HCM sign in the son, although he may have a risk of HCM. One of the other two patients was male and was diagnosed as having HCM at 7 months of age. ECG showed LVH and echocardiography showed hypertrophy of the interventricular septum and posterior wall of left ventricle (both 15-16 mm), and left ventricular outflow tract obstruction. The other patient was also male and was diagnosed with HCM at 35 years of age. ECG showed negative T wave, abnormal Q wave, and nonsustained ventricular tachycardia. Echocardiography showed intraventricular septum hypertrophy of the left ventricle and paradoxical flow. Magnetic resonance imaging of the heart showed an apical left ventricular aneurysm. Histology of a myocardial biopsy of the right ventricle exhibited hypertrophy of the myocytes, disarray and myocardial fibrosis, which was consistent with a diagnosis of HCM (Fig. 3) . Mutations of other predisposed genes for HCM might also be associated in these patients. In these patients, we further analyzed 15 genes known for association with HCM, including cardiac beta-myosin heavy chain (MYH7), cardiac myosin-binding protein C, and cardiac troponin T. We found heterozygous mutations of A26V and F513C of MYH7, which are known to be associated with HCM (Anan et al. 1994; Song et al. 2005) , in the proband in family B (I:2). Her son (II:2) also carried the A26V mutation. These results suggested that both the G505S mutation of JPH2 and the mutations of MYH7 could be associated with the pathogenesis of HCM in the proband from family B. JPH subtypes share characteristic structural features deduced from their hydropathicity profiles and predicted secondary structures. Based on the structural features, local sequence homology and genomic organization, six domain structures (Fig. 1) have been predicted in the JPH molecule . Since the G505S mutation is located in the divergent region, in which no sequence homology is observed, and the numbers of amino acid residues are highly variable among JPH subtypes, it is unlikely that the G505S mutation affects the fundamental JPH functions including interaction with the plasma membrane and insertion into the SR membrane. A computer survey of the databases did not indicate that the G505S mutation would generate or break consensus motif sequences, such as phosphorylation and lipid-modification sites. Therefore, the G505S mutation could cause a structural defect indirectly influencing a certain physiological function of JPH.
To deduce the secondary structure of the region encompassing the G505S mutation in JPH2, wild-type and mutant peptides composed of 37 residues were synthesized and analyzed using CD spectroscopy (Fig. 4) . The wildtype peptide showed a typical profile for random coil structure in PBS, i.e., no significantly positive peaks at 218 nm for b-strands or at 209 and 222 nm for a-helixes were detected. The organic solvent TFE is well known for its ability to induce secondary structures in peptides and proteins (Nelson and Kallenbach 1989; Sönnichsen et al. 1992) . Although the precise mechanism of such conformation induction remains unclear, it is generally agreed that structure formation occurs due to enhanced intramolecular hydrogen-bonding capabilities in TFE-rich environments. However, a-helix-and b-strand-propensity inherent in the primary sequence is absolutely necessary for development of the secondary structure in the host peptide. The wild-type peptide in 80% TFE showed a broad and weak inflection at 210-230 nm and an attenuated 195-nm peak for random structures, suggesting that TFE promotes secondary structure formation. However, the TFE effect is remarkably weak and rather atypical. Moreover, no significant differences in the CD spectrum were detected between the mutant and wild-type peptides, suggesting that the structural effect of G505S mutation is minimal. Since the region surrounding G505S is enriched in proline residue (8/37 residues), this region may hardly fold secondary structures. JPH2 supports functional communication between DHPRs and RyRs and thus essentially contributes to Ca 2+ signaling during cardiac contraction . Although our present results do not indicate that the G505S mutation results in the obvious structural abnormality of JPH2, it is still possible that the G505S mutation may produce a mild conformational change, weaken the efficiency of excitation-contraction, and further induce compensatory hypertrophy associated with altered metabolism in cardiomyocytes (Ashrafian et al. 2003) . However, it remains to be investigated in future studies how the mutation alters JPH2 functions.
